The aim of this study was to quantify how elite high jumpers used their free limbs in a competitive high jump and to estimate the contribution that these made to vertical take-oV velocity. This was achieved by analysing the competitive performances of six elite male high jumpers using 3D motion analysis and assessing limb function using the relative momentum method. The mean peak relative momentum of the arm nearest to the bar at take-oV was 9.4 kg m s Ð 1 , while that of the arm furthest away from the bar was 11.3 kg m s Ð 1 and these did not diVer signi® cantly. The free (lead) leg reached a mean peak relative momentum of 20.9 kg m s Ð 1 . At touch-down the free leg had a large positive relative momentum that was oVset by the negative relative momentum of the arms, although their combined value still remained positive. The mean combined free limbs' relative momentum at touch-down was 13.8 kg m s Ð 1 and reached a peak of 37.6 kg m s Ð 1 . The diVerence between these two values amounted to 7.1% of whole-body momentum, which was judged to be the amount by which the free limbs contributed to performance. The arms had a greater in¯uence on performance than had the lead leg. This was because the lead leg increased its relative momentum little during the contact period while the arms had an initial negative value that increased markedly after touch-down. The compressive force exerted by the motion of the free limbs, estimated by the change in the combined free limbs' relative momentum, reached a mean peak of 366 N and was greatest at 37% of the contact period. It was concluded that to maximize the contribution the free limbs can make to performance, given the restraints imposed on technique by other performance requirements, the arms should have a vigorous downward motion at touch-down to make the most use of the high (but little changing) relative momentum of the lead leg.
Introduction
In athletic jumping events the arms and free leg are used purposefully during the take-oV phase in an attempt to improve performance and to control the motion of the body. In high jumping there is a need to produce both the appropriate angular momentum of the body in order to clear the bar successfully as well as to generate a *Author for correspondence. ERGONOMICS, 2000, VOL. 43, NO. 10, 1622± 1636 high vertical velocity at take-oV. It is known that the vertical velocity at take-oV is a major determinant of performance outcome in high jumping and it is thought that the limbs will make a greater contribution to this vertical velocity the more vigorously they are used (Dapena 1993 ). This eVect is explained in diVerent ways but a common explanation is that as the arms are thrown upwards into the air they create an impulse that is transmitted through the body to the ground, generating a reaction impulse that propels the centre of mass (CM) upwards (Dapena 1993, Yu and Andrews 1998) .
The role of the free limbs during competitive high jump performances are best determined by kinematic methods. There have been two major approaches used to quantify the eVect that the limbs may have on performance. The ® rst is the determination of`arm activeness' , de® ned by Dapena (1987) as the diVerence between minimum and maximum vertical velocity of the centre of mass of the arm relative to the centre of mass of the trunk during take-oV. He reported arm activeness values for elite male high jumpers ranging from 0 to 11 m s Ð 1 , with the greater value associated with a greater eVect of the arms. Although the concept can be applied equally well to the leg, the concept of`leg activeness' seems not to have been used despite the fact that the leg is used with similar vigour during the take-oV phase. Arm activeness gives a single maximal measure of arm use but does not allow its speci® c contribution to the generation of vertical velocity to be established. Further, it cannot identify how the limb action is timed in relation to the jump, or identify the interaction between one arm and another, or between the arms and free leg. The second approach is the relative momentum method proposed by Ae and Shibukawa (1980) . The vertical relative momentum of a limb is de® ned as the product of the mass of the limb and its vertical velocity relative to the proximal joint. This is similar to the arm activeness described above, but because it quanti® es the extra momentum generated by the limb during its upward motion it can, through Newton' s Second Law, be related to the impulse generated at the proximal joint and, using rigid body modelling, the reactive impulse from the support surface. The relative momentum of a limb is de® ned over the whole of the movement and as such can be summed with other limb relative momenta in order to identify their speci® c contribution to the whole-body vertical momentum at take-oV.
The relative momentum method would seem to have some merit as a means of identifying the contribution that the limbs make to performance, but there have been no studies in which this method has been applied to athletic high jumping. There have been two studies (Ae et al. 1983, Vint and Hinrichs 1996) in which this approach has been used in an activity related to the high jump, that of a running one-legged take-oV vertical jump for height, but subjects were not asked to perform a bar clearance and were not high-level athletes. Therefore it was the aim of this study to identify the individual characteristics of each free limb motion, their co-ordination (how they move in relation to each other), their relative importance and how they might combine to aVect vertical velocity of the CM at take-oV in high jumping. This aim was achieved through an analysis of elite male high jumpers.
Methods

Data collection
Six elite male high jumpers were ® lmed during their competitive performances in the high jump ® nals during the 1991 Gran Premio Ciudad de Granada held in Granada (Spain). The anthropometric measurements of body height, mass and the performance of each high jumper are presented in table 1. All of the high jumpers used a left foot take-oV.
The jumps were ® lmed simultaneously with two cine cameras. The ® rst, a Bealieu R-16 (Maison Brandt Freres, Charenton-le-Pont, France), used a sample rate of 60 Hz, and was placed perpendicular to the bar at a distance of 31 m. The second camera, a Photo-Sonics 16-1PL (Photo-Sonics, Burbank, California), used a sample rate of 50 Hz, and was placed at a distance of 36 m parallel to the bar. The ® eld of view enabled the foot contact during touch-down of the last stride and the total clearance of the bar to be seen. This ensured that suYcient ® lm frames were available for analysis before and after the take-oV phase. The best jump of each ® nalist recorded on ® lm was used for analysis.
Data reduction
A 14-segment biomechanical model de® ned by 21 body landmarks was used. The coordinates of each landmark were obtained by digitizing the projected images from each camera. The digitized data were smoothed, interpolated and synchronized to an equivalent sampling rate of 100 Hz using a ® fth-order spline (Wood and Jennings 1979) , modi® ed for the purpose. The 3D co-ordinates were calculated using a direct linear transformation (DLT) procedure (Abdel-Aziz and Karara 1971). A separate computer programme was used to compute the kinematic data in this report using body segment parameters from Dempster (1955) . Data were smoothed using a Butterworth fourth-order zero-lag ® lter with padded end-points (Smith 1989 ) and a cut-oV frequency of 9 Hz based on a residual analysis and qualitative evaluation of the data. Derivatives were calculated by direct diVerentiation (Winter 1990) .
Three free limbs were studied. The leg raised at take-oV was termed the lead leg (LL). The arm on the same side of the body as the lead leg was termed the ipsilateral arm (IA) while that on the opposite side was termed the contralateral arm (CA). All of the segments of a limb are combined as one unit, although in principle these can be treated individually. The characteristics of individual free limb action were computed using the relative momentum method of Ae and Shibukawa (1980) . This considers the vertical momentum of a free limb to be composed of a transfer and a relative momentum component. The total vertical momentum of a limb can therefore be expressed as The relative momentum component is used to assess the contribution that an individual limb makes to whole-body momentum. The relative momentum (RM) of each free limb was termed CARM, IARM and LLRM for the contralateral arm, ipsilateral arm and lead leg relative momentum, respectively, and de® ned by
where the subscripts refer to the limb (CA= contralateral arm, IA= ipsilateral arm, LL= lead leg) and proximal joint (CS= contralateral shoulder, IS= ipsilateral shoulder, H= Hip joint of the lead leg).
As the positive relative momentum of one limb can cancel the negative relative momentum of another, the combined eVect of all three free limbs is given by the sum of each free limb relative momentum and termed the Combined Free Limb Relative Momentum (CFLRM) de® ned as
The force applied by the free limbs was obtained by direct diVerentiation of CFLRM. The whole-body vertical momentum (WBVM) was computed from the vertical velocity of the whole-body CM and body mass.
Data analysis
The de® nition of touch-down (TD) was taken as the ® rst clear frame in which the foot was in contact with the ground. Similarly the de® nition of take-oV (TO) was taken as the ® rst frame in which the foot was clear of the ground. Data are presented as means and standard deviations for whole-body momentum, individual and combined free limb relative momentum, temporal occurrence of the peak relative momentum for each free limb with respect to the period of ground contact, touchdown and take-oV vertical velocities and vertical force due to free limb motions.
The whole-body vertical momentum at take-oV (WBVM TO ) was evaluated. The contribution of CFLRM to whole-body momentum was obtained in the following way. The change in the relative momentum of a limb is equated to the impulse acting on the proximal joint and it is assumed that this generates an equal and opposite reactive impulse at the ground and in turn is responsible for the change in vertical momentum of the whole-body CM. This provides a means whereby the contribution of free limbs to whole-body motion can be assessed. With regard to this contribution, the interpretation described by Lees and Barton (1996) was used. Brie¯y, the extra impulse applied by the free limbs is measured by the change in the CFLRM. This change is assessed as the positive increase (PI) in CFLRM (CFLRM PI ) from its lowest positive value after touch-down (CFLRM LPV ) to its peak value (CFLRM PEAK ). A negative value of CFLRM is ignored as this cannot contribute to positive motion and in these cases CFLRM LPV is equated to zero. In addition, any reduction in CFLRM after CFLRM PEAK is ignored as it is assumed that this represents momentum sharing of the free limbs with the rest of the body. Thus, the positive increase in CFLRM and hence its contribution to whole-body momentum at take-oV is de® ned as
The maximum value that the combined free limbs could generate would be when all free limbs reached their relative momentum peak at the same time, which is termed the limbs potential and is de® ned as
Where appropriate, data are presented as percentage ratios in order to relate to speci® c aspects of performance. Speci® cally these are: (1) Limb contribution% , which is de® ned as the percentage ratio of CFLRM PI to WBVM TO , and is taken as an indicator of the contribution made by the combined free limbs to vertical velocity; and (2) Limb eVectiveness% , which is de® ned as the percentage ratio of the CFLRM PI to limbs potential, and is taken as an indicator of how well the limb actions are used and co-ordinated with respect to maximizing the in¯uence of the free limbs.
Statistical procedures used were the Shapiro-Wilk' s test for establishing the nonnormality of data sets, Pearson' s product-moment correlation coeYcient for establishing relationships and Student' s t-test for establishing diVerences. A level of signi® cance of P < 0.05 was used to establish statistical signi® cance.
Results
A graph of the individual free limbs relative momentum together with the combined free limbs relative momentum is given in ® gure 1 for athlete Austin. This shows that the relative momentum of the arms are negative at touch-down as the arms are being driven downwards while that of the leg is positive as the leg is¯exing at the knee giving its CM a net upward velocity; however the sum of all three limbs is slightly positive at touch-down. The relative momentum of the leg continues to increase as the contact phase progresses and it is¯exed and elevated; that of the arms becomes positive as they reach the bottom of their swing and are elevated. The relative momentum pro® les of each arm are similar and they reach their peak at approximately the same point in time but that of the lead leg reaches its peak earlier than the arms. The combined free limb relative momentum (CFLRM) reaches a peak just after the lead leg but just before the arms. The relative momentum of all free limbs reduces at take-oV, illustrating the transfer of each segment momentum to the rest of the body. Table 2 shows the whole-body vertical momentum at take-oV, the peak relative momentum for each limb during the touch-down to take-oV phase, CFLRM PEAK , CFLRM TD and CFLRM PI . This table also shows limbs potential, limbs contribution% and limbs eVectiveness% , which are computed as described in § 2.3. The limbs contribution% suggests that the free limbs contributed 7.1% to the whole-body vertical momentum at take-oV. The limbs eVectiveness% expresses the ability of athletes to utilize the relative momentum they generate through their technique and the process of co-ordination. This ranged from 36 ± 93% showing wide variation in the way in which the limbs are used. A graph of the individual free limbs relative momentum together with the combined free limbs relative momentum is given in ® gure 2 for athlete Ortiz who demonstrated the lowest value of limbs eVectiveness% . This athlete performed poorly with regard to limb eVectiveness% due to a high value of lead leg relative momentum at touch-down. Table 3 shows the oYcial height jumped, the duration of contact and the percentage of the contact period at which the CARM, IARM, LLRM and CFLRM peaks were reached. The LLRM always reached its peak before CARM and IARM, and CFLRM reached its peak at around 63% of the contact phase. The table also shows the vertical velocity of the CM at touch-down and take-oV. The values at touch-down are positive, which is an unusual ® nding but those at take-oV are similar to values reported in the literature (e.g. Dapena (1988) reported a mean of 4.37 m.s Ð 1 ). It was of interest to analyse the detailed motion of the CM and the touchingdown leg during the contact period to investigate how the action of the free limbs relate to touch-down leg kinematics. Typical graphs of the radial distance of the CM from the ankle joint illustrated in ® gure 3 show that the minimum radial distance consistently occurs at 0.1 s before MKF, which itself occurs at about 50% of the contact period. The earlier trough in the radial distance is probably due to the raising of the limbs, while MKF represents the end of the musculoskeletal compression phase. The vertical force acting as a result of free limb motion is given typically in ® gure 4 and illustrates the peak force and it temporal occurrence in relation to touchdown and take-oV. This is positive at touch-down, which would be unhelpful to the athlete in coping with the impact at touch-down, although it is lower than it otherwise would be due to the negative relative momentum of the arms at that point. It reaches a peak at the same time as minimum radial distance, suggesting that the additional force generated by the action of the free limb could be a contributing factor to the extent of body compression. The peak force for each athlete is given in table 4, together with the percentage of the contact period at which it is reached. The data were tested for non-normality using the Shapiro-Wilk' s statistic W, which was non-signi® cant (p < 0.01). The contralateral arm was no more dominant than the ipsilateral arm (t= 2.23, p= 0.10). A signi® cant relationship was found (r= 0.86, p < 0.05) between the vertical velocity of the CM at take-oV and the oYcial height jumped, con® rming the importance of this variable to performance. The relationship between CFLRM PI and vertical velocity at take-oV did not reach the required level of signi® cance (r= 0.77, p < 0.10) but its value suggests that some importance should still be attached to the correct use of the free limbs.
Discussion
The interpretation of relative momentum used in the literature has proved to be equivocal. With speci® c regard to activities such as high jumping there have been two reports of interest. Ae et al. (1983) and Vint and Hinrichs (1996) have both investigated activities in which subjects were asked to take a running jump oV one leg in order to attain maximum height. As this activity is similar to high jumping, and both authors used the relative momentum approach, their results provide a relevant comparison. Ae et al. (1983) found that the relative momentum of the arms was negative at touch-down and reached a peak shortly after the mid-point of the contact phase, similar to that found in this study. The relative momentum of the free leg was close to zero at touch-down and reached a peak slightly earlier than the arms but still after the mid-point of the contact phase. Although no absolute values for relative momentum of the arms and legs were given, from their graphical data the peak relative momentum of the arms appeared to be about 6% of the total body momentum, while for the free leg this was about 10% . Their estimates of the contribution of the arms and free leg to the change in whole-body momentum were 15% and 10% , respectively. No attempt was made to investigate the combined eVect of the limbs and unfortunately the authors did not give suYciently clear information as to how these percentages were computed and so their usefulness is limited. Vint and Hinrichs (1996) reported a relative momentum pro® le of the arms and legs similar to that of Ae et al. (1983) . At touch-down the relative momentum of both the arms and the free leg were close to zero and became negative before reaching a peak at about 60% of the contact phase. The peak relative momentum appeared to be about 20 kg m s Ð 1 for the arms and 25 kg m s Ð 1 for the leg, which corresponded to 8% and 10% , respectively, of the total body momentum. Using the method described by Hinrichs et al. (1987) to assess the contribution of the limbs to the total body vertical velocity (which took the diVerence between the take-oV and touchdown values), they estimated that the arms contributed 6.6% and the free leg Ð 3.4% to total body vertical momentum. Again no attempt was made to quantify the total free limbs contribution. Surprisingly, they estimated that the leg made a negative contribution to the total vertical velocity when one might expect that it would make a positive contribution. This led these authors to comment that`care be taken when interpreting results from the Ae and Shibukawa (1980) relative momentum methodology' (Vint and Hinrichs, 1996: 354) . The interpretation suggested by Lees and Barton (1996) overcomes these diYculties and oVers clear guidance on how this might be done.
There was no signi® cant diVerence between the peak relative momentum produced by each arm in high jumping. The arm furthest from the bar (the contralateral arm) generated a mean peak relative momentum of 11.3 kg m s Ð 1 , while the arm nearest the bar generated a mean peak relative momentum of 9.4 kg m s Ð 1 . These results are in contrast to those of Dapena (1988) , who reported diVerences in arm activeness between the arms for similar level high jumpers. He reported arm activeness values of 5.42 m s Ð 1 for the arm furthest from the bar and 2.97 m s Ð 1 for the arm nearest the bar. If these were peak vertical velocities of the CM of the arm, then the equivalent relative momentum value for a 75 kg athlete would be 24.4 and 13.4 kg m s Ð 1 , respectively. These values are considerably higher than those found in the present study and suggest that the data used to compile arm activeness was not directly comparable to that used for the relative momentum, even though there appears to be great similarity between their respective de® nitions. This is probably caused by the inclusion of negative velocities in the computation of arm activeness. If this were the case then the results from`arm activeness' computations cannot be directly compared to those from the relative momentum method. Dapena (1987) has reported that elite jumpers do use diVerent arm techniques, but in this study all subjects retracted both arms simultaneously to assist the jump, leading to similar contributions from each arm. The timing of arm and leg action was an important factor determining their combined eVect. The arms appeared to in¯uence strongly the total free limb contribution to the vertical velocity at take-oV largely because the free leg has quite high positive relative momentum at touch-down and increased only slightly as the jump progressed. This was explained by the need to¯ex the leg early to enable it to be brought through when the CM was in its lowest position at touch-down. The positive relative momentum of the free leg at touch-down was initially oV-set by the negative relative momentum of the arms, thus the arms have an important role at touch-down in creating suYcient negative relative momentum to maximize the eVect of the combined free limbs and to reduce the impact force at touch-down. An important aspect of high jump technique would appear to be a vigorous downward motion of the arms at touch-down and this has not been highlighted in the literature before. Further, this eVect is enhanced if both arms are retracted and can generate downward velocity at touch-down. All athletes in this study used a double-arm retraction technique but in some athletes this was more asymmetrical, which would not appear to be the most bene® cial technique to use from the point of view of generating vertical momentum. Once the relative momentum of the arms became positive, there was only a small increase in the relative momentum of the free leg, indicating that it made little further additional contribution to the generation of vertical velocity. The interaction between the arms and free leg is critical to maximize the total free limb contribution with the leg dominating the magnitude of the CFLRM but the arms dominating its change over the contact period. These data suggest that the free leg has a role other than in generating vertical velocity. The most likely explanation is that its early generation of relative momentum is necessary to enable it to contribute signi® cantly to the creation of angular momentum of the body thus enabling the athlete to successfully clear the bar.
Studies investigating jumping behaviour typically have been concerned with isolating the speci® c contribution of each limb to the performance. While the peak relative momentum of each limb can be readily quanti® ed, these values have little merit on their own as the positive value of one limb can be oVset by the negative value of another. The relative momentum method uses the CFLRM to estimate the in¯uence of the limbs on jump performance. Based on the data reported in this study, and using the interpretation of Lees and Barton (1996) for estimating the contribution of the limbs to the generated vertical velocity, it was found that the mean sum of individual limb peak relative momentum (the limbs potential) was 41.5 kg m s Ð 1 but due to the interaction between the limbs, only 23.8 kg m s Ð 1 of this was estimated to contribute to the whole-body' s vertical momentum. This represents a considerable ineVectiveness of the use of the free limbs and must in some way be related to other technical requirements of the event as noted above. Using this latter ® gure, it was estimated that the free limbs contributed a mean of 7.1% to the whole-body vertical momentum at take-oV. This value is lower than might be expected from observations of the way in which athletes use their limbs, but the explanation for this low value is the poor co-ordination of use of limbs imposed by the technical requirements of high jumping, the main ones being a very low CM at touch-down and the need to generate angular momentum for bar clearance. This was also lower than that calculated from the investigations of Ae et al. (1983) and Vint and Hinrichs (1996) (16% and 18% , respectively, interpreted from their peak relative momentum data), although in both of these studies it is reasonable to assume that the free limbs may provide a greater percentage contribution due to the lower total body vertical velocity at take-oV, and they were less restricted in the technique used. One athlete (Ortiz) had a particularly low total value for relative momentum. This stemmed from a lack of speed of one arm, but mainly by poor timing of the free leg. There was a positive but non-signi® cant correlation between the vertical velocity of the CM at take-oV and CFLRM PI . This suggests that while the limbs are a contributing element to total vertical velocity there will be other factors that are important.
The errors involved in estimating the percentage contribution come from the errors in the kinematic data, the choice of frame identifying touch-down and measurement artefacts. The errors in velocity data for studies investigating jumping in competition have been estimated by Lees et al. (1994) to be about 5% . It is thought that the errors in the kinematic data in this study would be no less than this although no alternative velocity measures could be used in the competitive environment to check this. The error associated with choice of frame of touchdown would lead to a small change in the combined free limbs' total relative momentum value, but as both the combined free limb and total body relative momentum increase over the ® rst few data samples the eVect on the estimated percentage contribution of the free limbs to total vertical velocity gain will be small. There will be no error introduced by the choice of frame for touch-down, as the relative momentum reaches a peak well before the point of take-oV. The vertical velocity of the CM in this study had a small positive value at touch-down, in contrast to a range of published data (for example Dapena 1988) with the CM having a slightly negative velocity at touch-down. For the early frames of the analysis during the last stride, the digitized body landmarks were outside the calibrated volume. There is a likelihood that these data were less reliably reproduced, and the subsequent smoothing used on the data was unable to reproduce the sharp change in conditions associated with touch-down. For this reason it was assumed that the data representing the touch-down conditions of the whole-body CM were in error. The values of the relative momentum of the limbs before touch-down could also be in error for the same reason, but these data seem more reasonable as they agree with that produced by other authors (Ae et al. 1983, Vint and Hinrichs 1996) . Any small discrepancy in these data would have a small eVect on the estimate of the percentage contribution, but would not aVect the conclusions drawn regarding the interaction between the limbs and their timing within the general movement.
The relative momentum method allows an estimate to be made for the compressive force produced due to the upward acceleration of the free limbs. The illustrative data in ® gure 4 indicate that the additional compressive force is well established at touch-down thus contributing to the impact force at touch-down, rising to a peak within 37% of the contact period, to reach a value of around 350 N. The negative velocity of the arms at touch-down serves to keep this force low thus reducing the severity of impact. The additional compressive force diminishes gradually until about 63% of the contact period when it becomes negative. At this point the force begins to lift the trunk. This would serve to reduce the compressive force on the leg muscles allowing them to contract rapidly producing an increase in the knee extension velocity.
Summary and conclusion
With regard to high jumping technique, the general interaction between the arms and the leg used by elite high jumpers would appear to be non-optimal and this is probably determined by certain technical requirements of performance such as the need to create vertical velocity and angular momentum during take-oV. The main features of high jumping technique are the lowering of the CM and the planting of the touch-down leg markedly in front of the body, which helps the body to`pivot' over the support leg in order to generate vertical velocity. In order to bring the lead leg through during this low position of the CM the free leg must begin¯exing at an early stage. The¯exing of the lead leg gives it positive relative momentum and so it is inevitable that it will have substantial positive relative momentum at touch-down. This motion of the lead leg continues so that it reaches its peak relative momentum early (42% ) in the contact period. It is advantageous for the arms to have a negative relative momentum at touch-down to oV-set that of the lead leg, and this is produced by the forward and downward motion of the arms from their retracted position. The change in relative momentum from touch-down onwards is in¯uenced by the vigour and timing of each limb. All limbs must be moved upwards vigorously and this becomes an essential requirement of jumping technique. The free limb action would need to be completed before take-oV and so it is unlikely, given the need for the relative momentum of the arms at touch-down to be negative, that the timing of arm action can be advanced from its peak relative momentum at 78% of the contact period to match more closely that of the free leg. Equally the timing of the free leg may be diYcult to delay as its motion is determined by the need to bring the leg through while the CM is close to the ground. It may also have an importance to the balance and rotation of the overall action, which would make any alteration in its relative timing inadvisable. It therefore means that the key factor aVecting the contribution of the limbs to the generation of vertical velocity is the initial downward motion of the arms and the vigour with which each limb is used as it is driven upwards. Those athletes who show a low CFLRM PI value, as illustrated in the data of table 2, use an early leg action and a low movement speed of the arms after touchdown. It should be noted that these subjects have achieved a high vertical velocity of their free leg, but have not increased it by much during the contact period. It is therefore not the speed of the limb per se that de® nes vigour but the change in its vertical velocity while the jumper is in contact with the ground. It is concluded that to maximize the contribution that the free limbs make to performance, given the restraints imposed on technique by other performance requirements, the arms should have a vigorous downward motion at touch-down to make the most use of the high (but little changing) relative momentum of the lead leg.
